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ABSTRACT 


The acoustic effects of air bubbles in water have been the subject 
of much investigation and speculation since the early days of World 
War II, Preliminary investigations have indicated the probable 
presence of microbubbles in varying concentrations in the body of 
the ocean, but their distribution end effect has not been the subject 
of definitive measurement. The construction and evaluation of equip~ 
ment for "in situ" measurement of bubble size and distribution, and 
bubble~caused sound attenuation is discussed, The determination of 
bubble size and distribution by photographic means is described, 
and the superiority of a pulse technique in obtaining sound attenua~ 


tion is demonstrated, 
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INTRODUCTION 


The acoustic effects of air bubbles in water have been the subject 
of a great deal of investigation during end since World War rs |. 
To varying degrees, depending on size and distribution, the presence 
of bubbles in water mey have a marked effect on the absorption, 
scattering, and velocity of sound in water[ &,10,17-19,23,28,29 |. 
In addition, theories have recently been advanced that suggest that 
bubbles may have a great effect on meterological conditions - 
seal. 7_|. 

Up to now the existance of bubbles in sea water under most 
conditions has been lergely a matter of speculation. The existance 
of bubbles in sea water in many specific locales or situations such 
as surf, wakes, and heavy seas is obvious. However, their existance 
under more normal conditions or in open sea has not been definitely 
established, although their presence has been frecuently assumed in 
order to help explain certain observed effects, e.g, "surface 
reverberation| 15,29 _]." Experiments recently conducted suggest 
that bubbles most likely to persist are of radius 30 to 120 microns 
(1 micron = tom meter )[ 14]. 

Primarily because of the effect of wakes on sonar detection, 

a considerable body of theory concerning the effect of air bubbles 
on sound propagation in the sea has evolved{ 8,11,18,19,28,29 |. 
Many attempts at verification of the various aspects of bubble 
theory have been made under laboratory conditions, but virtually 


none at sea, 





In the hope that some of the uncertainty in this area might be 
dispelled, the project to determine the actual bubble distribution 
in sea water was undertaken. To accomplish this goal, the follow- 
ing objectives were set: 

1. the design and test of equipment to determine the attenuation 
of sound in sea water over a frequency range of 20 to 200 kes, toa 
depth of 50 feet, 

2, The determination of air bubble distribution in sea water 
to depths of 50 feet, 

The achievement of these goals required the development of a 
broad-band, sensitive method of measuring attenuation as a function 
of frequency. Two systems of measurement were studied: an acoustic 
impedance (interferometer) technique using a commercial transducer 
in a continuous-wave mode, and a pulse technicue which required the 
construction of a large electrostatic transducer. The pulsed system 
using this transducer wes expected to offer the following advantages 
over the interferometer method: 

1. A flat output over a wide frequency range, and sharp pulse 
characteristics, 

2. A method of determining velocity. 

At the beginning of the project nothing was known about the 
distribution of a bubble size and their density in sea water, 
Therefore, even though the measurement of attenuation and, hope- 
fully, bubble distribution could be accomplished by acoustic means, 
it was decided to develop a method of photographing bubbles is situ. 


Sucn photographs would provide a positive indication of the presence 


ae) 





of bubbles and furnish an alternative method of determining bubble 
density, 

Vhat follows in Parts Il end III is a detailed discussion of 
the two attenuetion measurement technicues developed. In part IV 
the design and test of bubble photography techniaues and equipment 


is aescribed, 
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ACOUSTIC TRANSMISSION LINE CINTeRFEROMETER) METHOD 


A, General 

The acoustic transmission line method of measuring the acoustic 
oroperties of fluids and absorptive materials has been discussed by 
several authors [_2,4,6,9] since the original paper by J. C, Hubbard? 
Usually this apparatus consists of a plane transducer and parallel 
reflector in which standing plane waves are set up and measurements 
of impedence are made over a range of frequencies at one position, 
or in various positions at one frequency. Generally this method 
nas been applied in an enclosed system and thus was considered 
unsuitable for the investigations discussed here. What was needed 
was a method that allowed for "in situ" attemiation measurements 
without disturbing the medium under investigation. This consider- 
ation gave rise to the design of an open system employing a trans— 
ducer and reflector that could be immersed in sea water without 
causing any disturbance of that medium, Styrofoam was chosen as the 
reflector since this material has apc much less than the,sc of water, 
and therefore has excellent reflective properties for acoustic waves 
in water, The transducer used was an 84 inch, Edo 327 ADP mosaic 
"piston-type" transducer provided by USNUSRL, A general description 
of this transducer is given in Appendix II, l. 

linbbard, J. ©, The acoustic resonator interferometer: I, The 


acoustic system and its equivalent electric network, Physical 
teview, v. 38, Sep., 1931: 1011~1019 





B, Transducer Characteristics 

The motional admittance circle near resonance method was used 
to obtain the characteristics of the transducer [i,4,5,6]. The 
equivalent electrical circuit of a piezoelectric transducer can be 
drawn as showm in Figure Il, 1. If the components of the input 
admittance Y1 » this is, the input conductance (Gp) and input 
susceptance (Cp) of the transducer are measured over a range of 
frequencies (centered around the resonance frequency of the transducer) 
while radiating into an infinite field, and then conductance is 
plotted against the motional component of susceptance, a motional 
admittance circle such as is shown in Figure II, 2 is obtained. 
Since the radiation loading in air and water is very different, the 
diameter of the circles in both cases will be different. Compared 
with the effect in water a transducer will be unloaded in air, and so 
from the motional admittance circles the following results can be 


obtained: R M>=> = 


Also, G, can be found from the susceptance at the resonant frequency, 


because at this frequency there is no net contribution from L and C, 
me c= GF 
= I 
_ (2m fe i '& 


“Where fr is the resonant frequency and fa is the anti-resonant 


frequency. 





CRYSTAL TRANSDUCER EQUIVALENT ELECTRICAL CIRCUIT 


Yr = INPUT ADMITTANCE 
Roz LEAKAGE RESISTANCE 
Co = BLOCKED CAPACITANCE 
Lo = MOTIONAL INDUCTANCE 
C = MoTIONAL CAPACITANCE 
Km = MOTIONAL RESISTANCE 
Zr=KeatjXr= RADIATION IMPEDANCE 
Y; ~ GptjwCp 
R=Re+Rm 
Xr=O w FREE FIELD (Ka high) 
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For the Edo 327 this procedure had to be modified since it was 
discovered that this particular transducer was not effectively un- 
loaded when radiating into air (i.e, the motional admittance circle 
in air was comparable in size to that in water), This was undoubtedly 
a consecuence of the oil-filled diaphragn that covered the ADP 
crystals, From the motional admittance circle measurements Ro, (R R +Rm), 


Co, C and L.can be found, It is also known that near resonance“ 


a _ B¢*Snrky 2 ¢? 


[ ey Ply Sy 
Where p = electro mechanical transformation factor 
S22 = compliance coefficient of transducer crystal 
Va y = Y dimension of transducer crystal 
5 y = cross sectional area perperdicular to ¥ axis. 
(Effective piston cross sectional area in this 
case) 
f = density of crystal material 


and all units are mks 


2 ¥ 
Therefore LE = (Sue)? 
Sy /6 4. $22 


Also Kr =2Co 





Where &¢o = specific acoustic impedance of water (in rayls) 
Now the following can be evaluated: Re km ; d* 
For use in the experimental work described here the quantities in 
electrical units have to be transformed into units of mechanical 


Kinsler, L. E, and Frey, A. R. Fundamentals of Acoustics, 
2nd Ed. Wiley and Sons, Inc., 1962: 337-343 





impedance, For example, the radiation resistance for the infinite 
fied , eo d* Ke in mechanical units, Calculated characteristics 


for the Edo 327 transucer are given in Appendix II, 2. 





C, sSystemization of Ecuations 
in the experimental work, measurements were made of the input 
conductance and susceptance of the transducer over a desired range 
of frequencies (as will be discussed more fully in a later section). 
However, the radiation impedance of the transducer was desired for 
subsequent calculations of bubble attenuation. This section indicates 
how these desired values were obtained from the information at hand. 
For the infinite field case, radiation impedance can be considered 
purely resistive, but for the finite field case (i.e. transducer plus 
reflector which gives rise to a standing wave resonent system) the 
radiation impedance is complex and so in general, Ze = Ke +)XR . 


With reference to Figure II, 1, the input admittance can be written: 
| 3 a 

Med 4500. + —+~ 

me = K, tile + Boa 

Where R=Ret+ Rm 

and XY =wlL- 


na 
_ | ei oe Bee ete 
Yo =GerjwCp=% + gagmexp tI (6 Co - BER) 
a ee | 
“ Gp=e + R? +(Xk+X)* os; 


e+X 
wCpswlo- parr, (11,2) 


If another medium is substituted in the standing wave system 


(i.e, different attenuation) then 


ae eye ees, 
Gp EEE CEES OL 33) 


Ls _ Xe +X 
WCp = WCo EG Nee (I 4) 





Wotice here that at a fixed frequency N%, C, and « stay constant 


Siceaetiicy are devendent on the properties of the transducer only. 


Coy, ee ee 
AGp Gp Gp RON EG R? +(Xe+X)* (IL, 5) 
WAC p = WCE - Cp = ARO XR +X 


R'+ (Xe +X)* e R*+(Xa+X)* (6) 
From (ZI, Sh R' = [AGp+ arioagp |[R + KK+X) | (1,7) 
From (IL,6),Xa+X=[ pate - OAC TLR’ (Ke+x)'] (8) 


Combining (Z,7) and (Z,8) it can be shown that 


Ose, “f ay SIME 
Bi + wee (II q) 
[AGr+ pextyeaxe | tLettrerxe PACE 


R* + (Xe +X) 
SARE A NC 
: Re 2+X)4 
XR a ERD 7 XRtX ; Tam -x(U,10) 
iP 


(a 
whan + ir DAC S| 


Now Rez Re Ree Since Km is dependent only on the 
proper Cres of the transducer. 


And , Rr = $7 Re’ (11, 11) 
Xe = $2 X¢ (Hy Z) 


116 





D. Measurement Procedures and Results, 

1, Apparatus, 

‘As mentioned previously, the experimental work was carried out 
with an Edo 327 transducer and styrofoam reflector (Figure II, 3). 
Mounted around the transducer was a frame holding three threaded 
rods, 120° apart, normal to the face of the transducer, and on a 
circle coaxial with the transducer, tut outside its field pattern. 

The styrofoam was mounted on a backing plate through which passed 

the threaded rods, and which was adjusted to be parallel to the 
transducer face by positioning nuts on the rods, This in itself 
provided a certain amount of difficulty because of the convex exterior 
face of the transducer. It was finally decided to line up the 
reflector varallel to the outer edge of the transducer face on the 
assumption that the convex face was completely symmetrical. 

In order to gain as much sensitivity as possible in the system, 
it was decided to place the reflector in the near field of the 
transducer in order to reduce to a minimum the losses caused by 
spherical spreading. It can be shown? that the last imvens.L uy 
maximum in the near field of a transducer occurs at an axial 
distance T = at/ A where a = radius of transducer face (meters ) , 
and A = wavelength of sound in the medium (meters). From this, consider- 
ing the frequency range that was to be covered (40 to 100 kes), it is 
determined that a separation of 10 cm between reflector and transducer 
would put the reflector well within the near field. 


Kinsler, L. E, and Frey, A, R, Fundamentals of Acoustics, 
2nd Ed. Wiley and Sons, Inc., 1962: 176 
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As an aside here, it should be noted that vutting the reflector 
ia tire near field causes considerable difficulty in expressing the 
variation of acoustic impedance witn frequency; the system is no 
longer a simple function of the number of half wavelengths between 
source and reflector, These difficulties were bypassed by using a 
slichtly different approach to the experimental method of measurement. 
This will be discussed in more detail later, 

A bridge technique was employed for measuring the input conductance 
and suscefhance of the experimental system as a function of frequency 
in bubble free and in bubbly water, A Western Electric Model 5A 
bridge was used in conjunction with a We Model 17B oscillator and 
Wis Model 2A amplifier-detector set up as shown in Figure II, 4. 

Rather than use the WE 2A as a detector, it was found that a better 
bridge balance could be obtained using a VIVIl in conjunction with an 
oscilloscone, With this apparatus balance could be achieved to 
within £0-5ohms and+{/0O picofards, 

2, Calibration in Bubble-Free Water. 

a. Bubble-free Water Production, 

Bubble-free water for the calibration run was produced in a 
tank approximately 40 inches high by 30 inches long by 30 inches wide 
by heating the water as a vacuum was applied to the surface, The 
water was heated by means of electrical immersion heaters supplied 
through a sealed pipe into the tank. A flat vlate was placed on top 
of the tank, and then clamped so as to provide an airtight seal of the 
air space over the water, Another pipe lead into the air space and 


was used to reduce the absolute pressure to about 25 inches of mercury. 


13 





37d095077/9S0 


~XINOSLYFL 





WALA 
oof FY 


WoL szlad 
satrsltdwy 


Vet AM 





+t ayn . 


HAILMADD 
Awanozyd4 SY . 


—_~ 


YVFIINGSNYG AL OL 


3 XC -. WOLYIMIBPSO 


ys aM TS GLI am 





SAU edd ONISNSYIW SO WeYDW/A HD0728 


Lt 





This was continued until all air bubbling had ceased and then the 
water was allowed to cool down to room temperature, 

b. Calibration Procedure. 

This procedure depended upon making use of the equations 
derived in Section ©, Since the transducer characteristics had been 
obtained for radiation into an infinite field, values of 2, X, Cp and 
Gp over a range of frequencies were available for use, ( Xr was zero 
in this case because the value of Ra was very much greater than one). 
The transducer and reflector were then placed in the bubble-free water 
and measurements were made of Ge and C P over the same range of 
frequencies, A computer program, program Solve 2, contained in 
Appendix Il, 3 was then used to solve for values of FR’ and XR’ . 
This produced for the calibration case values of R’ X a5 (zpand Cp 
over a range of frequencies, and these then were designated K XR Gp 
and C p for use in future measurements, 

3. Bubble Attenuetion Measurements. 

a, leasurement Procedure, 

The apparatus was once more placed in the bubble-free water 
and micro=bubbles were introduced in the space between transducer and 
reflector. These bubbles were produced at the tip of a platinum wire, 
protuding through encasing glass, by an electrolysis process, A 
pulse generator, whose pulse repetition rate, pulse amplitude and 
pulse duration could be controlled, was used to produce bubbles of 
the size and number required. Once again Gp and Cp were detemnined 


over a range of frequencies, 


iS 





b. Initial Investigations. 

in the early experimental stages, (rp and p’ were measured at 
every kilocycle over the range 40 to 100 kcs, The acoustic waves 
from the transducer were treated as plane waves and as such the 
relationship between mechanical radiation impedance and attenuation 


could be considered as exactly that existing in acoustic interfer- 


—2%8@ 
ometers [2,459] . In mathematical form Zr Sy folo ow (1 14) 


Where G = radius of transducer (meters) 
Kr 


Yexe ys B > O¢ 


reflection coefficient of the reflector 


attenuation (nepers per meter) 
fA = phase constant (radians per meter) 
4. = distance from transducer to reflector (meters ) 
Then making use of this and the equations from Section C, an attempt 
was made to determine the attenuation caused by bubbles, 

However, it soon became readily apparent that an incorrect 
assumption had been made when it was noticed that atcertain frequencies 
negative attemations were being obtained for the bubbly water, compar- 
ed to the bubble-free water. Upon reconsideration it was obvious that 
the plane waves did not really exist in the inteferometer, a direct 
result of it being operated in the near field of the transducer, From 
45 


the work of two authors’? it can be shown that the r.m.s. pressure, 


averaged across an area equal to that of the transducer face, changes 
Aseli, H,, et al, Journal of the Acoustical Society of America, 
V.28, No, 2, Mar., 1956: 230-238 


Ni4Lliams, A, 0, Journal of the Acoustical Society of America, 
Vere, Jan., 1951: 1-6 
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in a complex manner as one moves away from the transducer in the 

near field, In essence this meant that equation (II, 1h) F was of 

no value for calculations with this apparatus, Some effort was made 
to derive the expression for variation of radiation impedance with 
frequency in the near field of an attenuating medium, but the project 
was abandoned because of the severely complex mathematics, 

This early work gave rise to curves for radiation resistance 
such as the one shown in Figure II, 5, This particular curve was 
obtained for bubble-free water on one of the calibration runs, The 
resistance is given in units of the characteristic impedance of the 
water, so that the type of variation in resistance with frequency 
can be seen in comparison to that of the free-field case, Also shown 
on the curve are points representing the resistance measured for a 
run with bubbles in the interferometer space, The small resistance 
difference between bubole-free and bubbly water at each frequency 
gave rise to the large positive and negative attenuation swings 
mentioned earlier. 

c, Resonant Frequency Approech, 

Further study of the radiation resistance did indicate that 
in one way the experimental set up was acting as an interferometer 
in that resonant peaks appeared at 6-70-64 RC intervals (which was 
the frequency interval corresponding to the interferometer separation), 
Since this was so, the quality factor, G , could be found, and the 


attenuation calculated, near the interferometer resonant frequencies, 


17 








Se Sas 2 
| IIE See ee RRA SRR RAS REA 
| IT RPS PERE EEE EEE EEE EEE Pr 
__ RRS RRRS RSS BERIT RSE PA RAR RR styl | 


ee tale 
|) TSR PERE Speco Seek Rew Bees 
ttt tt tt tT Tt tet Tt tts ffi 4, ft tt tt : 
\ Bees ! | I 
SSS 0008 5008885008 08000 See nee (GS 

1B GLEaeS 7 ae COU oo Se eoee cee deSeneoseeassooe = 
BEES EEE EEE CE CCC EE EEE EEE OBE EEC EEC EEE EEE EEE EEE PEE EEE P ere 





(SRNR pe tt ff ad ie BERBER ERSSEeE Le Be : 
| JERR Re aR. aa ea Ea aes Tt ee i aes . 
LDR RESERE “APE CEE gee ne eat pee ete a gaan | eee ia tte fd 
emer | | | tt YT Hit tt BREE ee | ee cal eee ee 
|] JGR SRE BES RE ee eet ial nee Eq em ae as LESS 
eT tt tT TT TE ET TL kg HRS PRR SRE RRR RBNREAe I ie 
| | ToS SRR DEERE RRR OE CREEP Cee SReRERES! 42 AUB ! 
JINR SERRE ERR eRe eee: ttt ttt ee TE tf © 
Memmi ti) iil tittitirrtet tere E eA LIW LL LEL ELL LLLLecL*eLELeeELeLeE LLL iiees. ms 
ST lS ee eR SOeEEr jHEsecL 
i. _ i CBRE RE RS SRR ERE BRR ERR ERERERARARAS! LOR RERAS 
 _ _u | J RRR BERR RRP SRR RRR RRR REA INSEE 
J) RE RRR eR IND 
TT EEE TT a ee CEE ET TET TT a ar 
JE RRR RL URE ARE Re eee ERR LE 
emit) | pt | tT TTT EE TN ELT TTT TET EE EE ota aa 
CI Spey JER SRR REE SSERAE! SSR EKS SERRE RERA RARER ERES aaew Oe ae ae | eg 
jo) Eee Be RARE. ARRAS ARREARS 
BCE CC LCCC EEE CEI SERS ReeRAR RRSP ARRERELeL Aree 
|e Oo a 
|) | COR SERS RRR PRR IER RPA RE IDEM 
TEESE eRe St ep de pb ee Le BERGE WE IBS 
J ODT a Be Be RRR LP SRP eRe Bae (Beas 
SERS REE 8S ea BESET S ILS 
t 10m JID DAS Rake SERRE RRR TREE REREAD BEE UREREE 
Semone | tt TT TET TT ETE ET TEEPE eT EET EET ETT ET LT ET TU Rea 4 Re 
0 (I OR eB eR RP eR Re Rs ERR AcE 
ein 2 USE BE SOS GO Oe eee eae ee ee ee eee 
J BU eGR REE EE BREE ERE ERA eee RSE LR 
J UL. i RR A ee eo eR PR ERE CORR 
HH Og A eee TT 
emit mortititistlitli alee EE a ie 
| (SQ886285 88 FO OO OO i COs vc lB OG Le Ce 
t Seer SERRE Seeeea EE Eee eke ee eee ee eae 
JIE Re Bee eee eee eee Won "(RSs eee eeese ee Seo 
. Jew Eee 000 0G GSE OS 66 eee eee Cd Se eee Se eeee. ee AS 
th ae a ee Se ee oe eee Be | 
Lit iiry TST SSE SETTLE LLL LLLELLLLLLLLLLELLLL LIL LI BIT j 
sUURRSS Meee coo Sooo SSS ee ce 
meee | | tt tT tte ett eye ET Peet TT Ett 
SCARE CEE EEE ECP ESeaRERE ! 
Seo, Senn QE CRS GRRE RSRE SSOP Slee we CEs aa 
| JSRRELBS BEE BE it 
 _ JCI Ea) BERR EEK ee NE eee HS 4 
JIRA SEUSEUGEUsaEacera "saczaesneaasacesesTesrasrasesseeeerees far: 
LISP KERESSR elt TTT Poa aia Cobeiaee J 
Jo SoG UDR ERR RRR SERRE RW “SERRE EER ERE 
meio tit ttt ttTitititi tity i triathlete ha 
Ht Set tt tt ee tt Tt TT tT 
ES CE4 BEERS REE RE CDE ERR ERR eee Sen 
SS )\0000) 00 RRR GRRE e CORR sees See ee” 64 SRR Reeeeee Es eee 
~—s | Dn iS ESR RRR BRR BAR ERE: “Ee a pt BREED ERREBELS 
ea tanie elne esas tetas Bae eee 
SERRE ae SCO 950 SOU Nase ge @ Scoeeeeon sk we Beet tetas {RES BREBERE SRRRELAL. 
mo ELEC TP CeSe Se Le POSP SEER s ikea Oe Pees ABRRSERAAE Pees 
| SoCo BEE EEE ECE ee 4JERERERRED (SRR 
| Ck, A BB BRR RR ERR Ie ee eRe SRE See 
| JIS a “ BREESE £2.00 
eer Posty tT GREER RRS SERS ARARSARRER ERASE NADAS Ie FSERE PSs 
J JE UO Ree ee EES ARREARS SER NOIR | Ree 
JERSE ESEREE PT pe eee Et St 
JTRS ESBS SEDER BRERA ee PARRA aCSRo EUs 
PERE EEE EES 
St tf Et ff tt at lS eel te er ae 
TSR BERR PREECE EEE EEE reeset 2s (2 | 
meme erie era Oe ee ea a oe ae eis Sl Hi 
 __ _ [SS BRR RRR RRR cn eee = a er 
mn emit i.) PL EL LLL LILLE Lee ee ee Si 4o5 
JABS Oe eee ay yea mon on Ono Oo OG OG | 0 OG GO OG GO Oe cee 
| RS BRR SRSA RRP MRR CE RARAE AL eo) IRR Le BI 
| SCE SSG FCG SOE eee dee ae: ae Cee 
tt tt Ee tt td ppb te let og 
(If CERREREES BESS ee RR oes or eos =r eee eee RK eee ES? *oSRREeS 
eit ta LT eT tt tt eet SEER Sok aC CCR Ea 
Co Gl lo OL 
att ttt tt tt tt C=" E De IRS] aoe See ‘hae 


| EGE 
= _ EReenKree Hitt tt tt tt Semen eee eet bn 
Se REECE EEC S Zak mt at tt tt Ba 
SseeeeseePPPEEE 2 Acetcceceece cout ccoceasaeaaeetaeoeooeeeaasesdases Etattae 
ae 


meiner ttl & BARES hee RESEBBReO 
me Et i aha ee fase ESRRBSRRREARTEECE 
meme jt ty eae |e HEE fatal stein ea ope alata tere SRE SS 
me yt tt fe Seee HEE EEE CECE ICCC EEE EE EEE 
SP a a a ee eee ewe RSE SERA ARREST 
DOPMMesmiiienworir)titLirtritilLitT ITI tii ttt tt lLi titi ty iti Lr rT 


. 18 








a 7 —- a Oo 








For the bubble-free case, G, = « (II,! é ) 


where fo = resonant frequency (kes) 
AW, = half power bandwidth (kes) 
and for the case of water with bubbles, Qi = Fo (I 5! 6) 


BW. 
where Bw, = half power bandwidth (kes) 


now Q, = (IL,17) 
and Ga = 5 (I; 18) 


where X; = equivalent attenuation (nepers per meter) in bubble-free 
water 
Oz = equivalent attenuation (nepers per meter) in water with 


bubbles 

Also if attenuation caused by bubbles alone, 
Oe XI Gig ict) 

Then ( “BROT GinZ0) 
or x = “ (BW.-BW] Nepers pes meee ns) 

9 

The experimental procedure for measurement was as follows. 

A resonant peak was selected (69.5 kes) » and measurements were made 
of Gp and Cp at 0.2 ke intervals on either side of resonance with 
bubbles resonant at approximately 70 kc in the space between trans-~ 
ducer and reflector. Using the values of RK, Xg,)Gpand Cp found 
in the calibration of Section C, a computer program, Program Curve, 
contained in Appendix II, 3, was then used to give a readout of 
mechanical radiation resistance versus frequency for both the bubble~ 
free and bubble cases, From the resonant curves then plotted, bubble 


ettenuation at the resonant frequency could be found, 


ay 








At the same time, the accuracy of the resonant frequency 
measurement technique was checked, A set of values for Gp and Cp 
had been obtained for a bubble run, As was mentioned earlier the 
accuracy in reading the WE 5A bridge was +O-5 ohme and +10 picofarads. 
Gp and Ce were then adjusted by the amount of this reading error 
so as to give four complete sets of data as follows: 

l. Ce 7 error and Cp + error 

Le Gp + error and Ce - error 

Be a - error and Cp + éepror 

ie Gp - error and Cp - error 
These values were then put into a computer progran, Program Curve 2, 
identical to Program Curve, and four readouts of radiation resistance 
versus frequency, corresponding to the four sets of input data, were 
obtained. These were then plotted, along with the original resonant 
curve, to determine the order of size of the variation in Q that 
could be expected within the limits of bridge reading accuracy. 
Program Curve 2 is contained in Appendix II, 3. 

Typical curves of radiation resistance (mechanical ohms) 
around the 69,5 kc resonant point are shown for both bubble-free water, 
and water with bubbles in Figure II, 6. Approximately 80 to 90 bubbles, 
resonant at about 70 kcs, were used in the bubble run. Results were 
as follows: BW, =1-33 kes 

BW2 =1-7Z2 kes 

QO, = 52:2 

Q2=40°3 

XK = O'SZ nepers per meter 


For comparison it was decided to calculate the theoretical 


20 





i baled ed ARS 

REE EEE EEE EEE EEE EEE EEE EEE ere Es 
= ee & Bee MESS se eae Aaa eee Seen Se 
Coe Can mee eer eee Le | 
EHH Et 





mio | mit tT Tet TT EE ET a a Li he eee ol ee ee eclowtesipe ele Tor To eae 
at tt tt pt BERR REST SRR Rees 
TRE S08 Po epee ob bo 4 +- Be {a See | st 
Et hh sees eee q 
BECCEER EEE E EEE E EEE eee y tt ae 
SRR SSS RR ee eee ssfezestastatortstes co oH ie i 
meri; |} | | | | § ft {| tp ttt ap | ee GEO OoCoee See 
mii ti | ELLE LI Le atk eee Meee Seesaw Re ent eee eet tel a Bae 
ei | mime ts tT Ee tT TT Ly @ BERRA eAAeS STE ttf St cases a 
mer te LTE ETT TEE LTTE LEIL TIE LLILycLinlieit £ pol} tt Ga mG a 
7 | i | SESE R Sees | eae ft eee ot ole tl ee | LP ora eee eal ae @ 
. (JRE SERRE ER RELA EC RALEE A Chik ewes SERRA HER emi = 
| DSRS ERR Ree ile Te eo ee oe a eS Ieee Se eis 
 ~—, s | J COO RR ESRC ERE eR Ue eee EERESERRE GAs pat 
eet ttt te ET ET ELE EEE LITT ETE LT st ERATE ET ET EEE fe | 
eee tT TTL LRT EL EET LLL IT TLL eh eS LIN LET LITT ELLE TET TL Lea Ltt ot i 
eee Tt AT ee ae ee ARBRE eaS RRBBARE Fees rf 
 RRRRERREREe SNE A aw 
eee tt tT Tt TT A TP aa LL TL ELL Pe LOR TA LLL EL LL EEL ELLY Ta tae 
or tt fy “5*/ SE eee Sse ae eee CCE See eee eee eRe ee 
me es (ERE GS See eee ees: * eee See eeass TAG sees oe 
(SSSR UN JESS 9 ene ee See Re 2 eae) eee eee Pease EaseeEe 
_ RSE Leases See boa ee a ee se eae ae ee a a 
JF SERRE SATE + ef Ee te pb Ht 
Pt tt ttt ft Reena BEARABLE .. 21RD EDAEREREEEEeS Ze ERRESBESE SD 
mi | } it EY BEER EEE ECE ey 
JIS aE eae MERE ARSENE A eae RRR EAS ERE SRReaeer FT 
err tt PT ETP Pr LATTE LEE YT LILLE LYwWD TEE ELE LI OL BREE 
eel ht | TT te TT eT he ET A EET ELT ET Lae La LI ETE E ELS LE LEE LL SGRGRNGG8 FeRReeeee 
(a S00 00000000 G000 Gen G 007 eee ee i 
mere st Tet tT TR Pe Tak Ed Le LS Pr Lt ELLIE OLE pL ee a aaa meceiesae’ 
Nee eames ee eee See eee eee eee ees eee 
mil | [ ] _ WSS ee eeSae,. 6°32 dR Cea RRA. O ll REAR RAeREERRAL S.A 1 f 
ma | | | =S00-o0 mee SSS SSSGS a". “SERRA ERRRARRAES AE ew BS at Bo 
mimeo! tt tt PP LT ELLA PEL iV iri Lie i titi tere lite$LLei recite iii iit Lio RB Ee me 
J JSR RP 2a RS Ae Ee eee SE ew ERR ERR SRRRERERE VLANs 
Seema! Pile Perit LVLL LLL Dell DP LULLELLELEPELLLCLEL EL Lies 
meee Tt dt Las PE eee LE EL TI LEI Lie PE ELLE EL LLL ETT LEE 
emmy) | tlle har LET ET VE a La TP ead LL LEELA LEE EEE SRE SESE 
T@ SREP 48 BRR BES ELAR AA EARLS SE Pl AREA AERA aes Rees 
Sp PR A fg ET Lf ahaa & 
JONBSEPES ay GSR Ree haAR EAR LRA LURES AIS SPARES EES BRERER ARS. = 
| SER See eee Dw RAE Lee ERAREL Ae eee Eee ae 
eee | ee eee EE LE EL LILEL ET EEL Ee LT LLL Le eT LL Be ia 
| JUS Se Si ak See SA SESE SAREE SEAR SHE Pa ERRAERAE PAS Aas 
SECS UBS SS 562, <6 G60 SG SCE E SERS eS. Pees C SCT 
JIE SbS RRR NERC RARER ys eT Be SSS S GRRE eee eee 
Beemer Pla PDNIECELELELLITLIL LECCE laa See LLL Le LL oS 
miei ttt ttt Se \SRe8 0 Sees SS ee Bw! 
mmm ttt er TIN lees Et ELE LLL LT ie Le TT ELT Lae ETL LT oe 3 
. USB E SRR ERE UE EMRE ERR PARAS PIR PREECE ] 
Pict ist IVa | te tt tp apy tt tte teat EE ep ) 
nj te Rp et qq ee ppp : Ee 
e | ive ct ttt SECCTCERSSEC TEETER CCC ee 
eerie ee ENE eee eee eee wee Bee" 
IPS Sa oR SH Rb a ppp 
Bini le hel Mi ttt SRE SCRE EL AAR SRELRAEAAE SERRA RRARDARSaRALRER ARSE 
mei peer | i tt tT TT TT EET ELLIE YT IT PAS TELE LET LIELE Le 12 ERST eT ERERAR TRE PeSaSaw tt 
ee eet ero lp) 7) bole tl Pe Lr LT EE TT ree eo FS tt pe 
miler tt ptt | poe ees LN TLE ET LE LT LLL ELL LE Bi BRE Gee eae 
mm =e SS Rae BN MORARARE BERRA ESSA RiP WARES RAReREeRATURESees 
JISBEE LR BoBeeaRee=- ER ERRF ARON RRARAAR SAREE ARABELLA CEASE 
 ~=#- (RES RRR Resa JP RESRENRS SSR ERP UAE EER ESR RR EERAE 
| my itr rid tty ttt Ey ame EO RO eee eee | ae 
| RSS SSR RES 3827S 2 i. REE AS: ASRS coe RRR BARR eRe l 
mime i i ft MUDRGSBE 8 SsHSKR22 26h ee RN EEE EEE EE Ef 
mist | i tj} j Ee BLED ISR RA ae Her "Sh as Sh Rae SREB RES St fe 
Se Te ba ieiedelglitdiet Babine tet tt tT LT AT Tee Ae mw 
| tot tt Tt ttt et PEER ENE ECC ere i 
| tt tt tf ae er Pol wea Nee ee (ot is ee te Poa | ae ef Lo) ae 
| CRRBE BERR RMVUA SAG RAARRHESEERHATUBE BEER ER REEECEEEEEEEEE EERE EEE 
ptt ttt tt tp ee pp EE EN EEE EET RES ERE 
JINR RRRARENRD WHR ENR SBE RBS BEaee SE 008M obese ceceeomeeeesscrdloo 
tt tt tA ET yt tt ! 
JOSEERREBEBEs A a RR tee t+ EA cereale 
ttt te pa tbe pe bates Ht Ett TP ATT ae 
ttt tt pb dt ttt tt tt tt tt A 
‘JIBS SRS RMB RFHGADRBSECSAATRSHHSHUSDHASA PEKKA SRR PAVERS LES 1 | 
JIB BERG MGADOHDAHOGE RARER RBHATARFR RRR AHR BER tH BRERERSEAS 
JJG D RES FSR RBRRADACSRRREKBDAIRKROHDHGET GABAA ARRH Br (BERR REEREREL SE Rete s 
SEER SSSR SEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEASSESEEE 
Guess Seneeeceeeeeessceseesceseeesceseeenseseeseeueeeeseennee507300500n5nem 
=" { 
het eet ee see SCORE roe aa ae RRR RA REREAD 
tH tt tte p ep e tee BEER pope sty ° } OTE tray or a ee sf a 
A be eS BF PRESB A HN SV Ee 27 mye PIOULHE(UYYW) Ti Titi Tritt 
LGMERSG ESR SCHHERSE PRBS eABu rT TT a | a Tn red et it Rasa Tres) 
USeses@eaaseansa EEE tt tt tt pop dt et 2 | Zeee 
VERERSP ADEE NDDAERSERBRASTSASON BADR HMDBes BEER ER a ee ef TO Poe 
SSGRGe GGSSSSESGRERESSGGEESSSEESSSSGsSSE555s5Eu5 Cee 
(OUTER SS ARH ARSVOMA eK OI SHCRAODTVVOVESRBERSMHRPSRHSDEAS im) 1) Lei | 








sound attenuation caused by the bubbles based upon the work described 
in Physics of Sound in the Sea, Part IV. [8] 
At bubble resonance, 


1, The extinction cross section is given by 


47k * 


Te = “S (RR) square cms 


where / = bubble radius (cm) 


S 


Ak = ratio of bubble circumferance to wavelength 


ll 


damping constant 


(at resonance) 


2. the bubble radius is 





R= 3xE- 
ae 
where {£, = bubble resonance frequency (cps) 
6 = ratio of specific heats 
P = hydrostatic pressure (microbars) 


fo = density of water (grams per c.c.) 
3. The attennation in nepers per meter is 
Xx = = ry Te 
where Yin = number of bubbles per c.e, 
From these data.x=O234nepers per meter, This value indicated that the 
experimental results were of the right order of magnitude, although 
much closer agreement was expected. 
The smearing of the resonance curve for bubbly water, caused 


by the accuracy limit of the bridge readings is shown in Figure II, 7. 
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From this came the following information: 
Narrowest band width = 1.7 kes 


Widest band width = 1.82 kes 


it 


Resultant value of Q ip nS po sl Wea 
Resultant value of & = 0,905 + 0,125 nepers per meter 
4, Auxiliary Measurements, 
a. Measurement of 0 by Reverberation Techniques 
Initially an attempt was made to measure oO by plasing 
a z= inch cylindrical probe hydrophone in the space between transducer 
and reflector, shutting off the oscillatcr periodically and observ- 
ing the oscillation decay rate on an oscilloscope, It was found that 
this method did not work in that damping of the oscillations appeared 
to be instantaneous. As a check, the hydrophone was placed at various 
positions in the "cavity", with the same result, It was felt that 
the difficulty lay in the low sensitivity of the hydrophone and so 
another measurement method was sought, 
A much more successful attempt at measurement was made 
using the electronic pulsing system that will be described in detail 


in Part III of this thesis, In this system the transmitting trans-- 


dicer was pulsed and then switched to receive, giving the advantage 


of this more sensitive receiver. The period of osciilation was 
maintained for long enough to excite the "cavity", then during 
receive time, the decay was observed on an oscilloscope. 

If the decay rate is given by exe , where is the 
temporal damping constant, then e} can be found. If the time 


Be 


for @ to decay to one half value is found then, 


man 





Sa a 


= 
C aa 
or Xt' = 0-693 
thus = —— 


New @ - art 


or Q = Zi (1,23) 


The time for the pulse to decay to one half its peak 
value was found to bel'=0.!25 milliseconds, From this,Q@=37'5 , 
which is of the right order of magnitude. The difficulty here was 
that the crystal transducer would not shut off and start abruptly, 
resulting in some distortion of the decay envelope which made it 
difficult accurately to determine &’ . However the order of 
magnitude agreement wes considered to be satisfactory. 

b. Apparatus Sensitivity. 

A prime measure of the effectiveness of this apparatus 
was how few bubbles it could detect. As a check, bubbles resonant 
at 65 kes were introduced into the cavity and the minimum number 
detectable was determined at 62 kes (apparatus resonance ), 69.5 kes 
(apparatus resonance), and 65 kc. As a rule of thumb, a bridge 
imbalance of 2 ohms and 20picofarads was considered to be adequate 
detection as this would have a noticable effect on the @ of the 
resonant system. 

The bridge went noticeably out of balance as follews: 

At 62 ke (apparatus resonance), 15 bubbles 

At 65 ke, 8 to 10 bubbles 


At 69.5 ke (apparatus resonance), 20 bubbles 
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ft this point it whould be mentioned that great 
difficulty was experienced in controlling the resonant frecuency of 
the bubbles generated for use in these measurements. This contributed 
to the uncertainity in all bubble measurements discussed here, 

c. Check of "Free-field" Transducer Characteristics. 

The free~field charecteristics of the transducer were 
obtained by radiation into a supposedly anechoic sonar tank. Since 
these characteristics were used in all future calculations it wes 
imperative that they be as correct as possible, A number of readings 
were made at selected frequencies for the transducer facing in 
different directions in the tank. At each frequency, all readings 
were checked for correlation, 

It nas found that the standing waves due to reflection 
from the tank walls caused variations in RF and © as large as five 
ohms and 30 picofarads, respectively, depending upon orientation 
of the transducer axis. 

This result may well be the cause of the negative 
attenuations mentioned earlier, and is a serious flaw in the 
experimental work described. It is suggested that this effect should 
be investigated further, reduced to @ minimum, and then a check 
made to see if the negative attenuations still exist. 

d, Temperature Effects. 

All the measurements carried out in the laboratory were 
performed in water at 22-23°C, Since the ocean could be expected 
to differ from this temperature, a bubble-free calibration was made 
at 18°C and checked against the run at 23°C to see if any radical 


changes occurred in the measured parameters, 
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It was found that significant changes do occur, and 
hence the system must be calibrated at the temperature at which 


it will be used. 


a 





E. Comment and Discussion, 

1, Attenuation Measurement Accuracy. 

The experimental results indicated thet attenuation caused by 
bubbles could be determined using the resonant frequency curve 
approach. Os were high enough to give a narrow bandwidth and 
reasonable selectivity, resulting in the apparatus being named a 
bubble spectrometer, 

In order to discuss the accuracy of attenuation measurement it 
is necessary to consider the relative attenuation caused by a 
bubble at Freciencdes mean its resonance peak, The bubble scattering 


cross section at any frequency relative to bubble resonance scatter- 
6 Tw) — 


ing cross section is given b = 6" (We) where § is 
: ee T5(de)—E(BY= Te $0) 


a damping constant which varies with frequency, ! 
Near resonance T5(w) Lad a » where Af =f—f, . 
lw) EZ) +1 


Choosing S&%0O-1 , a plot of relative scattering cross section versus 


a has a relative width of approximately 0.09. 
0 


The accuracy of the attenuation measurement depends upon 


attenuation, @& , being constent across the bandwidth of the bubble 


Ts (2) 
Ts (Wo) 


attenuation can be plotted as a function of 2 . Pigives ii, ¢ 
° 


x(w) , 
spectrometer, Since XK (de varies directly as » relative 
shows attenuation in arbitrary units plotted against frequency 
at fo =67kc and a 7OKC » and superimposed over the bubble 
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spectrometer curve resonant at 69.5 kc. From this it can be seen 
that,depending upon the distance (in frequency) of bubble resonance 
from spectrometer resonance, attenuation will vary a small or large 
amount across the spectrometer band width. 

As a comment here it should be noted that in the experimental 
work, the experimenter was fortunate to have bubbles resonant at 
approximately 70 kc, giving rise to a large attenuation, almost 
constant across the spectrometer band width centered at 69,5 ke. 

As can be seen this rapidly varying attenustion property of a 
Single bubble could lead to many difficulties in the laboratory if 
accurate calibration of the spectrometer was desired. At sea, how- 
ever, the problem would be non-existent since a distribution in bubble 
size would exist giving rise to large scale flattening of the 
attenuation versus frequency curves, and an apparently flat attenuation 
value across the spectrometer band width. 

2. Measurement Sensitivity. 

From the results obtained using bubbles of 65 ke resonant size, 
it would appear that in the worst case a volume concentration of bubbles 


3 


of 6.4 x 10° bubbles per cubic meter, or 20 bubbles in the "cavity" 


would be reouired for any attenuation measurement. Expressed another 
way, this bubble concentration is equal to of the order of 3 x 107” 

bubble volume per volume of liquid. Studies of air bubbles in wakes 
On: destroyers® have resulted in the detection of bubble volumes per 

licuid volume of the order of 107, the bubbles being distributed in 
size, 


eEneics of Sound in the Sea, Division 6, Volume &, NDRC 
Summary Technicai Reports: 534 
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3. Serious Experimental Disadvantages. 

dio SiSeIndicatedwearmen ime tree Ticia eharaeterisvics 
were not obtained in the supposedly "anechoic" sonar tank. Since 
all following calculations were based upon the free-~field measure- 
ments it can be seen that this fault will have to be corrected before 
proper and complete evaluation cdn be made of the experimental method. 
It remains to be seen whether or not the negative attenuations 
obtained in the early experimental work were a result of this defect, 
rather than a results of assuming plane waves in the near field of 
tie transducer, in order to obtain trie @ree-field characteristics 
of the transducer, measurements would have to be made in a bubble- 
free ocean or in a truly anechoic environment to avoid the reflection 
that occurred in the sonar tank. 

b. The effect of bridge reading accuracy at present places 
a serious limitation on the experimental technique. In the results, 
the varietion of attenuation per unit length for one particular 
bubble run was shown to be 0.905 + 0.125 nepers per meter, Now this 
inaccuracy in itself is very bad, but there is yet another consideration 
which has been ingnored up to now. For the bubble-free calibration 
case, the mechanical radiation resistance and reactance were assumed 
to be exactly correct. In reality they would have the same type of 
uncertainty as the bubble run readings. This then would have two 
EMrects,. Uurst, the @ for the calibration case would :iso bé 
"smeared", and second, since the calibration case readings are used 
in calculating radiation resistance for the bubble run, a further 


spreading of the bubble run @ curve would occur. 


ou 


c¢, The overall conclusion here is that in its present 
form the bubzle spectrometer requires various improvements before 
memcan be considered to be an Sifective device. in addizvion to 
improvement of the anechoic environment for free field measurements, 
use of a more accurate bridge might well alleviate the problem. In 
the laboratory, very accurate balance could be obtained, but this 
usually involves using a very sensitive galvanometer. This then 
would present an almost insurmountable problem at sea, It would seem 
that the best indicator that could be of service at sea would be an 
oscilloscope used in conjunction with a more finely balancing 
pradge. 

 Ovher Limitations, 

a. With a fixed separation between transducer and reflector, 
ettenuation can only be measured at each of the resonant peaks, 
that is, at approximately seven ke intervals. This wovld be no 

isadvantage at see where the bubble size is distributed over a wide 
range of values, However, it is a disadvantage in the laboratory, 
if the system is to be accurately calibrated, 

b. At each resonant peak area it takes about 10 to 12 
readings at small frequency intervals to obtain a usable resonant 
curve, This does present a serious disadvantage in that the trans- 
ducer is sensitive to motion, making balance of the bridge under 
these conditions a delicate matter, This may well be the case at 
sea when trying to make readings while the vessel in use rolls and/or 
pitches, Here instantaneous readings are almost a must. 


c,. The transducer in use had a very non-uniform resvonse 
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pattern making its use outside the range 40-150 kcs completely 
impracticable. The frequency range over which accurate results 
could be obtained wes far less than that. The characteristics 
of the transducer were obtained from motional admittance circles 
Gdrewn for data 20-30 ke on each side of the transducer resonance 
(67.6 ke). Far from resonance, these characteristics change’, 
and thus would introduce errors into calculations made at these 
remote frequencies (below 40 ke and above 100 kc), 

d. The experimental results indicated the temperature 
sensitivity of the transducer. In order to avoid the influence of 
temperature effects, the transducer free field measurements and the 
calibration run would have to he carried out at the same temperature 
as the bubble measuring run. Tae reasons for the temperature 
Seveatavaty of the device can, be readily explained es follows. With 
a change in temperature the fC of the water changes?” having an 
Pii@ct Onethe radiation impedance of the transducer. Also, sinee the 
transducer used was a piezoelectric type, with changes in temperature 
sound velocity in the crystal changes, thus changing the Star inbes’ 
In effect this changes the value of the motional capacitance of the 
transducer. It is the combination of these two effects that causes 


the temperature sensitivity. 


*Kinsler, L, E, and Frey, A. R. Fundamentels of Acoustics, 
2nd Ed. Wiley and Sons, Inc., 1962: 342 


a Donces. Properties of Ordinary Water Substance, Reinhold 
Publishing Corp., 1940: 192, 199 


a eter, T, Fe and Bolt, ®, H., Wiley and Sons Inc., 1955: 12h 
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APPENDIX II, 1 


EDO MODEL 327 SONAR TRANSDUCER 


The Edo Model 327 transducer is an underwater, electroacoustic 
unit designed to be used as a general purposes projector or hydro- 
phone, end as a reciprocal transducer in a reciprocity calibration. 
The unit is effectively a piston radiator which may be driven by 
as much as lOO watts under steady - state conditions with a water 
load at frequencies from 5 to 150 kc. The active element is an 
array of ADP crystals. 

The transducer is cylindrical in shape. It consists of a nickel 
plated brass housing, crystal array, acoustically transparent rubber 
cover, cable and cable gland seal. The weight of the transducer and 
its cable in eir is 36 pounds. 

The crystal array, which is cemented to a corprene and aluminum 
backing plete, is mounted within the housing and faces the rubber 
window. This acoustically transparent window covers the entire 
front surface of the assembly end seals the transducer, De-aerated, 
moisture-free castor oil fills the compartment between the window 
and the crystal array. The crystals are grouped into two independent 
arrays, an inner one at the center of the array face and a wide 
outer circular row which gives a narrow beam when operated in 


parallel with the inner group. 
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APPENDIX II, 2 


BDO 327 TRANSDUCER CHARACTERISTICS IN ELECTRICAL UNITS 


R, = 7700 ohms 

Ry = 1265 ohms (free field in water) 
Ry, = 1175 ohms 

Cy = 6480 picofarads 


7) 
HW 


622 picofarads 


tt 
I 


8.69 millihenries 
2 
Y= 42.¢ 


Sy = 3.66 x 107° scuare meters 
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PULSE ECHO SYSTEM FOR ATTENUATION MEASUREMENT 


A, General. 

The investigation of a pulse-echo system for attenuation measure- 
ment was undertaken when initial efforts in the direction of an 
acoustic transmission line method indicated possible complications. 
The general concept was to mount a transducer and a reflector in an 
open framework with free circulétion of the sea water through the 
trensducer-reflector space. The multiple echoes in this system would 
provide an effective path length many times greater than the trans~ 
ducer to reflector spacing. In addition, this system would offer a 
capability for sound velocity measurements, 

It was desired that the system be capable of measuring attenuation 
due to microbubbles in the frequency range of 20 kes to 150 kes. It 
was further desired that a relatively large volume of water be in- 
volved in the measurement since the distribution of bubbles in sea 
water was unknown. A consideretion of these recuirements led to the 
selection of an electrostatic (solid dielectric) transducer of 25 to 
30 cm diameter. This type of transducer is analogous to the con- 
denser microphone and is characterized by a flat output over a wide 
frequency and, consequently, by good pulse response. The require- 
ments for this phase of the project thus became to design and 
construct an electrostatic transducer,incorporate this transducer 
into a pulse-echo system, and to determine the effectiveness of this 


technique in measuring bubble attenuation in water. 


By 





B, The Blectrostatic Transducer. 
i, oreef theory, 
Descriptions of electustatic transducers may be found in a number 

of publications & Ly ZN) & Work on electrostatic transducers with 

solid dielectric for waterborne sound has been reported by G. R, 

Shodder end F, Wiekhorst E25]- A simple derivation will be used 

here to obtain the expected forms of the receiving end transmitting 

sensitivities of an electrostatic transducer. This type of trans- 
ducer with diameter large in comparison to a wavelength, when used 
in water, may be considered as a resistance controlled mechanical 

system with equation of motion given by equation (III, 1), where R 

is mechanical resistance, yis displacement, end F is the driving 

force. 
ca ee 


Considering the transducer as a receiver the force may by replaced 


Citdiee th) 


by the pressure, p, times the area, A, The harmonic solution of 
equation (III, 1) in terms of magnitudes only is given by ecuation 
(III, 2) where w is angular frequency. 

Rios (adie 2) 
If a large polarizing voltage is applied such thet the total charge 
remains essentielly constant, then the alternating voltage developed, 
v, is approximately proportional to the displacement. When this is 
substituted in equation (III, 2) the microphone sensitivity is obtained 
as 


- ¥ 2. Constant _ 
ee 2 eat (III, 3) 


LO 


Considering the transducer as a transmitter with driving current 
i, the ratio $=F is called the transmitter sensitivity. Using 
equation (III, 3) and the fact that i =wCv, where C is the 
capacitance, the transmitter sensitivity is obtained as 

S = = Constant eaiar 4) 

it is seen from this derivation that as a receiver, the voltage 
output of the electrostatic transducer is proportional to one over 
the frequency for constant incident pressure, end as a transmitter 
the pressure is constant with frequency for constant driving current. 
If the diameter of the transducer is comparable to the wavelength or 
small compared to the wavelength, then the above equations are no 
longer valid and a more detailed analysis must be undertaken, In 
the frequency range of this project (20-150kces) the results obtain- 
ed with an experimental transducer are in agreement with the 
resistance-—control assumption and the conclusions of equations 
(@aee, —3 vend (imi: ); 

2. ‘Transducer Design and Construction. 

A cross-sectional view of the actual transducer is shown in 
Figure III, 1. The aluminum plate is the fixed electrode, the mylar 
is the solid dielectric and the movable electrode is a thin aluminum 
coating on the outer side of the mylar. Llectrical contact is made 
to the fixed electrode through a stuffing tube and to the movable 
electrode by silver paint. A small air cushion exists between the 
fixed ele trode and the mylar. The giooves in the fixed electrode 
increase this air cushion and add to the compliance of the system 


with the effect of increasing the sensitivity. This design also 


Li 


employs pressure equalization as described by H. Kuttruff and 

Pan lic Bele The purpose of this equalization is to improve the 
Uiiomnloy Of tLransducepesensitivityeas operating deptiigus changed, 
by acting to keep the volume of air constant, A supoly of ealuminun- 
coated mylar which was readily available allowed a transducer to be 
constructed with a diameter of 24 cm and since this gives a diameter 
to wavelength ratio of eight at 50 kes this diameter was considered 
satisfactory. The mylar was installed by clamping it in a frame 
which could then be used to stretch the mylar over the fixed eclectrode 
with an epoxy bond being made between the mylar and the Plexiglas 
Yim. 

A coating was required to protect the thin aluminum surface on 
the mylar from the action of sea water, This coating has negligible 
effect on transducer performance provided that its mass is not 
excessive, its thickness is much less than a quarter wavelength, and 
Hleaees NOL Contain air bubbles, Using 200 kes aS amgupecr frecicney, 
calculations showed that a thickness of 0.5 mm would be acceptable 
with respect to the cuarter wavelength criterion, The experimental 
results show that the added mass did not effect the resistance- 
control assumption for frequencies to 150 kcs, A Shell epoxy resin, 
Kpon 828, was selected and several methods were investigated for 
obtaining the desired coating. A form was constructed to allow the 
epoxy to be poured and leveled to the desired thickness, It was 
thought at first that a vacuum should be used to ensure the removal 
of all air bubbles from the coating. A slow-setting curing agent 


(Shell curing agent D) was used and several different pressures were 


hi 


tried. In all cases there was considerable outgassing of the epoxy 
and the bubbles formed at the surface caused many bare areas to 
develop. With a 0.5mm coating the use of vacuum did not appear 
practical, It was observed that if care was used in mixing and 
pouring the epoxy a coating could be obtained which appeared to be 
free of entrained air bubbles, An acceptable coating was thus 
obtained at room pressure using Epon 628 and curing agent U. This 
coating remained in satisfactory condition after a period of several 
months during which the transducer was used extensively. 

3, Results, 

The transmitting and receiving sensitivities obtained with this 
experimental transducer are shown in Figure III, 2. The transmitting 
sensitivity is essentially constant in accordance with equation 
(III, 4) and the receiving sensitivity decreases at nearly 6db per 
octave as predicted by equation (igiely 3). These curves were obtained 
with a de polarizing voltage of 200 volts; the fixed electrode was 
positive with respect to the movable electrode. If the polarizing 
voltage were to be increased the sensitivities would increase, ‘hen 
used as a transmitter the alternating voltage should be small compar-= 
ed to the polarizing voltage in order to reduce harmonic distortion. 
With 200 volts polarizing voltage it was considered thet the driving 
voltage should be maintained at a maximum of 20 volts peak value. 
Sound pressure levels, referred to 1 meter, with this maximum driving 
voltage were 55.9 db re 1 microbar at 20 kes and 68.7 db at 100 kes, 

The fairly large diameter of this transducer makes it highly 


directive as evidenced by the 50 kes and 100 kcs horizontal radiation 


13 


patterns Figure (III, 3) and Figure (III, 4). The locations of the 
nulls and pesks in the radiation patterns agree closely with those 


predicted for a flat circular piston [6 iP 
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Figure III.2 Electrostatic Transducer Receiving & Transmitting 
Sensitivities (Polarizing Voltage =200 volts) 
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C. Pulse-Eche System, 

1, Design, 

daving constructed a suitable transducer, the design of the 
pulse-echo system was next considered. To limit the bandwidth of 
the transmitted pulse it was desired to have many cycles of the 
fundamental frequency within the puise. Arbitrarily selecting ten 
cycles as the minimun, a tentative lower operating frequency of 
50 kes determined a minimum pulse length of 0.2 milliseconds, Since 
the wavelength in water at 50 kes is approximately three cm, a 
distance in water of 30 cm is required to contain this pulse. A 
nominal transducer to reflector spacing of 20 cm was chosen to 
provide a path length of 40 em. 135 provided a volume in the 
transducer~reflector space of approximately 0,01 3, Styrofoam was 
chosen for the reflector material since its characteristic impedance 
is nearly that of air and reflection Losses should be minimized. A 
simple framework was constructed to mount the transducer and reflector, 
with three-point adjustment provided for reflector alignment. 

The electronics required for a pulse-echo system consist 
essentially of a transmitter, a receiver, a display, and a transmit 
receive switch, The block diagram cf the final system employed in 
this project is shown in Figure IIT, 5. The output of the switch- 
ing networt. isa pulsed sinusoid with pulse length and repetition 
frequency determined by the pulse generator. This signal is fed 
through the power amplifier to the coupling network, Here, the high 
level signal is applied to the transducer and only a small raction 
is allowed to pass to the Hewlett-Packard Model 450A amplifier, The 


weak echo pulses are blocked rom the power amplifier and are fed 
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through the HP 450A amplifier to the filter and oscilloscope. The 
filter was used simply in the high-pass setting, Further infor- 
mation on the switching and coupling networks is contained in 
Appendix III, 1. 

2. initial Observations, 

For all measurements the transducer was operated with a polarizing 
voltage of 200 volts and a driving signal of 20 volts peak value. 
With a 20 em transducer=-reflector spacing a minimum of 15 echoes were 
discernible at all frequencies from 50 to 130 kes, which corresponds 
to a total path length of six meters, Since the attenuation of sound 
in fresh water at the highest observed frequency is very small 
(approximately 4x07? db per meter) the decrease in echo amplitude 
with distance in bubble~free water may be attributed primarily to 
divergence and to reflection loss at the transducer and reflector 
surfaces. In Figure III, 6 the envelope of the echo amplitudes at 
60 kes is compared with the theoretical curve for a piston source 
obtained by Seki, et al using the theory of Williams [26,31]. 

The theoretical curve is the integrated pressure over a plane surface 
coaxial with the source and of the same area. Assuming that the 
electrostatic transducer radiates as a piston, for the bubble-free 
case a comparison of the echo amplitude decrease with the theoretical 
curve implies that the combined loss for each pair of reflections 
from the transducer and the reflector is approximately 0.7 db. Close 
to the source the near field is very complicated and echo amplitudes 
(echoes 1 and 2) show wide variations which have not been reproduced 


in Figure III, 6. 
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The near field effects had been expected but the influence 
of transducer-reflector parallelism had not been anticipated, 
Miisalignment appears as a modulation of the echo amplitudes which 
is most noticeable after many reflections and at higher frequencies, 
This effect has been reported by R, Truell and W. Oates in quartz 
erystals at frequencies of 70 mes and above [aan Aligmnent of the 
trensducer and reflector by use of the Gauss eyepiece technique 
resulted in some improvement but the transducer and particularly 
the reflector surface were not truly plane and the modulation effect 
could not be completely eliminated. This modulation proved to be 
a minor factor in the attemation measurements because differences 
between echo levels in bubble-free and in bubbly water were used 
to obtain relative attenuetion rather than absolute values. Figure 
III, 7 shows typical echo patterns as observed on the cscilloscope 
and illustrates the effect of misalignment. 

Sound velocity determination with the pulse=echo system was 
considered, With an effective acoustic path length of 6 meters and 
the nominal calibration of the oscilloscope time base, it was 
estimated that an accuracy of velocity determination of about one 
percent was obtainable. (With the addition of precise time marks 
more accurate velocity measurements could have been made but since 
the attenuation measurements were the primary concern, this 
additional instrumentation was not provided, 


3, Attenuation Measurements in Bubbly Fresh Water With the 
Pulse=Echo System, 


It was not intended that this pulse~echo system be capable 


of absolute attenuation measurements. Over the frequency range of 
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interest the attenuation of sound in bubble-~free sea water varies 
from 0.001 db per meter at approximately 10 kes to 0.03 db per 
meter at 100 kes. the measurement of attenuation of this order 
of magnitude would require the use of techniaues not particularly 
suited for use over a wide frequency range in the ocean environment. 
Relative attenuation may be determined by calibrating the pulse-echo 
system in bubble-free sea water in the laboratory, These results 
may then be compared with those cbtained when bubbles are introduced 
into the laboratory sample of sea water or with those obtained in 
the near surface region of the ocean, The envelope of the echo 
decay obtained during calibration is caused primarily by divergence, 
by reflection loss, and by the slight attenuation of the water. 
Other effects are also present such as that due to misalignment so 
that calibration data must be obtained at all frequencies of interest, 
With additional attenuation in the water, such as from air bubbles, 
the echo voltage levels are each decreased by a term nd where x 
is the additional attenuation in db per meter, d is the transducer= 
reflector spacing in meters, and n is the echo number, By a 
comparison of each echo with that obtained during calibration the 
additional attenuation, w , may be determined. Figure III, 6 
illustrates a typicai fresh water calibration curve and a ¢orrespond- 
ing curve in bubbly water, 

In order to determine the sensitivity of the pulse-echo system 
it was necessary to have a source for production of microbubbles, 
It was desired that this source produce bubbles of constant radius 


and at a controllable rate. Considerable experimentation produced 


52 





an electrolysis method which was reasonably satisfactory. Fine 
platinum or tungsten wires were insulated in glass with the tip of 
the wire exposed. The tip was then etched to provide a smooth rounded 
surface, These wires were driven by a negative voltage pulse at a 
very low repetition rate (from 1 to 2 per second). In general the size 
was controlled by the pulse amplitude and duration, with a singie 
bubble formed and released by each pulse, By observing bubble rise 
times it was possible to select those wires that would produce a series 
of nearly uniform size bubbles with gocd time stability. In use, a wire 
would be mounted below the space between the transducer and reflector 
and a single stream of bubbles would rise through this space. 

The bubble radius is determined by observing the speed at which 
a Single bubble rises, Assuming the bubbie to be a rigid sphere with 
constant velocity the Stokes viscous force, 611 Rx, Vv , may be equated 
with the buoyant force and the solution for the bubble radius, R, is 
given by equation (III, 5) where is the dynamis shear viscosity, 
v the velocity of ascent, g the acceleration of gravity, and Cpur ~ Go) 


is the difference in densities of the water and the air of the bubble, 


= 2 v 
R < S (eu Ca) (1115) 


This radius may be used to determine the bubble resonant frequency using 
equation (III, Oe In this equation, ¥ is the ratio of specific heats, 
P, the ambient water pressure, Pe the water density, G is a correction 
for the surface tension, and A modifies the value of ¥ ts take account 


of heat conduction. The factors G and A are given by Devin [17 | ° 
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Doume the Specd av which the bubbles rise and the rave of generation, 

the average number of bubbles within the transducer~reflector volume 

may be calculated, Then, assuming no interaction effects, the attenuation 
o , in cb per unit distance caused by a number of bubbles of unique 


size R is 
x = 4.34 of NR) CeCe 


where N(R) is the number of bubbles per unit volume and Ce» given by 


equation (III, 8), is the extinction cross section for each bubble 


cae 3 
. aR Wee) (IL, 6) 
2 = We\ 2 é 
L(y iy + § 


In equation (III, 8) w, is the resonant frequency of bubble size R, 

w the frequency of observation, k is 2M divided by the wavelength, 

and 8 the damping constant which has been reviewed by Devin [17 | ° 

The actual size of the bubbles within the transucer-reflector volume 

has a distribution associated with it because ¥) the initial bubble size 
, 

is slightly variable and 2) the bubbles decrease in size during their 

ascent due to absorption by the water, Observations of the rate of rise 

over a 15 em path showed that bubbies cf nominal 60 micron radius had 

variations in size of approximately 5 percent, 


A limited amount of bubble attenuation data was obtained in the 


laboratory with the pulse~echo system, To compare with experimental 
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attenuation measurements the observed average bubble velocity and the 
rate of generation were used with equations (III, 5) through (III, 8) 

to calculate the theoretical attenuation. It was determined that the 
minimun attenuation measurable with the pulse-echo system was of the 
order of 0.25 ab per meter, At 60 kes an attenuation of 0,25 cb per 
meter corresponds to a bubble volume concentration of approximately 

vr 3 1077 assuming bubbles of uniform size, This corresponds to a 
detectability of roughly one bubble of 52 microns radius in each 

pint of water, Figure III, 8 compares a set of experimental attenuation 
measurements with the theoretical curve which was based on an average 
observed bubble radius of 52 microns, a volume concentration of 5.7 x 
107” (60 bubbles in transducer-reflector volume), and a damping constant 
of 0.1. Agreement between the two curves is reasonable, however the 
theoretical curve is based upon bubbles of uniform size while the 

actual bubble radii probably deviated no more than 3 percent from the 
resonant size. It would be expected that the experimental curve would 
be somewhat broader than the theoretical curve, This would indicate 
that a slightly different value of damping constant should be used in 
the theoretical calculations, ‘cufficient data was not obtained to 
investigate this further. 

An interesting effect observed during attenuation measurements was 
the shape of the echc=pulse above and below the bubble resonant freqe 
vency. At frequencies slightly above resonance the pulse tops were 
tilted with the amplitude of the leading edge greater than the trail~ 
ing edge. At frequencies below resonance the reverse was observed. 


This effect indicated that the transmitted pulse frequency bandwidth 
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was great enough to cause nonuniform attenuation due to the change 

of bubble attenuation with frequency. The Fourier transform of a 
pulsed sinusoid is a (sin x)/x type frequency distribution centered 

at the fundamental frequency. The width of this distribution to the 
first zero wossing is 2/T cps and the half-amplitude width is 
approximately (1,2)/T cps where T is the pulse width in seconds. Thus, 
the 0.2 millisecond pulse used in this system has a bandwidth of 6 

kes at the half-amplitude points, Since bubble attenuation versus 
frequency is quite steep the frequency components of the transmitted 
pulse were indeed being subject to nonuniform attenuation and it is 


assumed that this is the explanation of the distorted pulse tops, 
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(a) Typical Display at 60 kes 





(b) 103 Kes = Illustrating Modulation Effect 
Before Precise alignment 


Figure ITI.7 Typical Pulse-Echo Displays 
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D, Discussion of the Pulse=-Echo Systen. 

The electrcestatic transducer was found to be well suited for this 
application which required a relatively large, wide range source- 
receiver. The pulse response of this transducer was excellent. The 
pulse-echo system described allowa a reasonable volume of water to be 
examined over the desired frequency range and it can be made rugged 
enough to withstand shipboard handling. The 0.2 millisecond pulse 
width selected in this design produced a significant bandwidth which 
could be reduced by increasing the pulse width, This would necessitate 
increasing the transducer=refiector spacing to accomodate the pulse. 
This would aiso decrease the reflection losses so a longer total path 
length could be observed although the number of echos received for this 
length would be decreased, The investigation of frequencies much below 
50 kes will require that this be done as the bandwidth of the 0,2 
millisecond pulse becomes a considerable percentage of the fundamental 
frequency in this region, 

Within the ocean persistent bubbles, if they exist, will have a 
distribution of sizes which is unknown at the present. At any frequency 
the attenuation due to these bubbles will be the integrated effect of 
this size distribution and the volume concentration distribution. It 
is therefore difficult to predict the sensitivity which will be required 
to adequately determine this effect, Several possibilities exist for 
improving the sensitivity and accuracy of the pulse-echo system 
described, Since the additional attenuation effect on echo amplitude 
increases with distance one method of improving the system is to 


increase the total path length observable, An increased transducer 
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reflector spacing will reduce the losses in the system and operation 
at a higher polarizing voltage will improve the transducer sensitivity. 
Both of these will increase the total distance observable, Another 
area for improvement is in the method of display of the received echoes 
so that echo amplitudes are determined by a method more accurate 


than reading from an oscilloscope, 





APPENDIX III, 1 


PULSE-CHO SYSTEM SWITCHING AND COUPLING NETWORKS 


The switching network was required to provide a pulsed sinusoidal 
output from a continuous wave source over the frequency range of 
approximately 20 kcs to 150 kes. The pulse width was toe be variable 
around a nominal value of 0.2 milliseconds and the repetition rate to 
be varible around 100 pulses per second. It was further required that 
no de level be introduced into the pulse, The circuit used to perform 
this function is showm in Figure III, 9. This circuit is essentially 
a diode bridge which is switched by a transistor, In the interval 
between pulses the pulse generator output is at -40 volts which biases 
transistor T, off and the diodes are non=conducting so there is no 
output. A positive pulse from the pulse generator causes T, to 
conduct and the signal path is completed thru the diodes and T, . 

The introduction of diodes and the transistor in the signal path 
produces a small amount of crossover distortion in the sinusoidal 
waveform. To determine the magnitude of this disto;tion the switch 
ing network was biased on and measurements were made at the output of 
the power amplifier; these were compared to distortion measurements made 
with the switching network out of the circuit. The switching network 
increased the second harmonic distortion from 0.2 to 1.5 per cent and 
the third harmonic from 0.1 to 0.35 per cent, which was deemed to be 
acceptable, In all other respects the switching network perfcrmed 
satisfactorily. 


The coupling network was required to perform three functions; 
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couple the polarization voltage to the transducer, limit the signal 
applied to the receiving amplifier during transmission to prevent 
overloading, and disconnect the power amplifier during the receive 
period to prevent the noise in its output from obscuring the echces,. 
The circuits comprising the coupling network are shown in Figure III, 10. 
These elements were chosen as being the simplest capable of performing 
the required functions, The diodes in module 1] are essentially a 
short circuit to the high level transmitted signal but present a 
resistance of greater than 250 K ohms to signals of 100 millivolts 

rms or less, The slight amount of distortion introduced in the 
transmitted signal by these diodes, however, is included in the data 
given in the previous paragraph. Module 3 utilizes similar diodes to 
short the receiver input during transmission and then present a high 
resistance to the low level echo signals, Module 3 is a simple R-C 


circuit to apply the polarization voltage to the transducer, 
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Figure III.Q Switching Network 
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IV 


BUBBLE PHOTOGRAPHY 


A, introduction. 

A survey of the literature reveals little material pertinent to 

micro-bubble photography. Attempts at bubble photography are 

mentioned in only two studies of acoustic scattering by bubbles, 

A brief summary of the methods described in those articles follows: 
tae tox, Curiev.. and Larson[ 18 |. 

In a laboratory experiment primarily cirected towards measure= 
ment of phase velocity and absorption of sound in very bubbly 
water, the authors determined from photographs the actual bubble 
distribution inside a small tank. The bubbles were illuminated 
by back lighting using an electronic flash. A fine wire was placed 
in the field of focus to provide a reference for determination of 
bubble size from the negatives, The lens system used gave a 
magnification of seven, end enlarged prints enabled é final over= 
all magnification of 30. The bubble density in the water was 
considerable; on the order of mealies cle per coc. water, 

2. Glotov, Golobaev, and Neuimin[ 19]. 

In this recent laboratory experiment, bubbles were generated 
in a rather small tank (2x2x3 meters) by artificially produced 
wind and wave action. The bubbles thus produced were trapped in 
a device called a "bubble catcher," This piece of equipment 
consisted of a hollow cylinder, the top end bottom of which could 
be sealed simultaneously thus entrapping the bubbles, The upper 


seal was glass, and the bubbles after rising the settling on the 
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Figure IV-1. Schematic of "Bubble Catcher" = 
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bottom of this seal, were photographed through the glass, Jilumi- 
nation for the photographic process wes provided by three lamps at 
120° intervals and canted 15° to the rear as shown in Figure IV-l. 
It was stated that this arrengement "provided the best conditions 
for observing the bubbles" and "the use of these lamps made it 
possible to distinguish the bubbles from solid particles and to 
measure the particle size reliably." Photographs were made 1:1. 
Two recent articles written in connection with nuclear bubble- 
chamber photography, proved to be of aid in establishing and 
verifying the photographic procedures used in this project| 16,30 |, 
The article by Welford was of particular value. Although publish- 
ed after our work in bubble photography had begun, it served te 
reenforce many of the procedures which we had already adopted. 
Because the literature available had at best only marginal 
applicability to the problem of getting photographs of bubbles 
at sea, it was decided to develop methods of photography 
idependently. Some of the problems encountered, attenipted 
solutions, and reasons therefor are mentioned and the final 


assembly is described in the following paragraphs. 
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B, Development of Photographic Technicves,. 

ie Introduction: 

In order to establish or disprove the existance cf bubbles in 
sea water, it is essential that the largest possible volume of 
water be pictured in each photograph. In this mamner, a statistically 
valid sample of water is obtained with the fewest photogrephs. 
Since nothing was known of the concentration of these bubbles in 
Situ, a certain degree of arbitrariness was involved in the 
construction of the camera system, 

There are three closely inter-related variables which are 
common to any photographic system: lighting (including shutter 
speed), optics (depth of field, degree of magnification, lens 
system, etc,), and the type of filn, 

The lighting must be sufficiently intense to permit apertures 
small enough to provide a reasonably large depth of field and/or 
permit use of finer grain film. Shutter speed in this project was 
not a factor because an electronic flash with a maximum pulse 
length of 4 milliseconds was used -=- fast enough to freeze any 
motion of bubbles or camera, 

The degree of magnification must be great enough to permit 
detection of bubbles down to a small size, say 10 microns radius, 
yet not so great that an excessively small depth of field results. 

Finally, the film speed must be as fast as possible, thus 
permitting the use of smaller apertures or less intense lighting, 
and y2t have sufficiently fine grain to allow bubbles to be 


distinguished from other matter that might be present in the water, 





To enable a large volume of water to be photographed, a large 
negative is also desirable, 

The camera system finally constructed, therefore, was considered 
the best compromise among these variables, The various steps involved 
in arriving at the final configuration are outlined in the following 
paragraphs. 

Zo ee Wai ed 9h a3 ateae 

a. Angle of Illumination. 

Trials were made using several different angles of 
illumination; however, back lighting was not attempted. Any 
method of providing back lighting entails certain difficulties 
which will be mentioned in subparagraph 3, below. The angle of 
illumination was varied from a position at right angles to the 
camera lens axis to a back angle of about 120°, Somewhat 
surprisingly, the angle of illumination within these limits had 
a negligible effect on the ability to discern the presence of 
bubbles from the negative. In the final installation, illuminat- 
ion at right angles to the camera lens axis was used. 

It was also established that the use of more than one 
light was indeed helpful in distinguishing bubbles from other 
particles, The final installation consisted of two electronic 
flash units spaced 126° apart in a plane perpindicular to the 
camera lens axis. This spacing was chosen in the hope that. the 
periphery of the bubbles would be illuminated thus enabling them 
to be easily distinguished from nonespherical particles present 


in the water, 





bee oye Of baat. 

several different light sources were tried in the hope that 
a source of continuous light would be adecuate for photographs. 
However, the strong attenuation of light in water and the motion 
of the bubbles made the use of a flash essential, An electronic 
flash was constructed for use in the final installation. 

Because of the difficulty of determining the correlation 
between flash bulbs and electronic flash units, several pictures 
were taken using a borrowed electronic flash in the experimental 
setup. On the basis of these trials, it was decided that electronic 
flash units capable of 200 watt-seconds output would provide 
sufficient illumination in the final installation. 

e, lidvemune. 

The use of a red filter during the picture taking was found 
to be an aid in bubble recognition; however, lack of time and a 
suitable material for use in the final installation precluded full 
investigation of filtering techniques, 

B35, Optics. 

The major difficulty encountered during picture taking in the 
experimental setup was the scattering of light by bubbles 
illuminated outside the field of focus. A sample of such a photo- 
graph is shown in Figure IV-2(a), and although admittedly an 
extreme case, it is obvious that reliable determination of bubble 
size from such a photograph is impossible, 

To be photographed accurately, bubbles must be in the region 
of sharp focus of the camera, Furthermore, only the field of focus 


can be illuminated, also pictures as in Figure IV-2(a) result, 
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Figure IV-2(a). Photograph Showing the Fffect of Scattering Caused by the 
Illumination of Bubbles Outside the Field of Focus. 


LS 


4 mm 
Figure IV-2(b). Bubble Photograph Taken Using Collimated Light Under Con- 
ditions Otherwise Identical to The of IV-2(a) Above. 
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As mentioned earlier, any methods of back lighting would require 
that bubbles in areas outside the field of focus but still in the 
Held of the lens be @xcluded, One possible method, sketched in 
Figure I1V~3, would be to exclude water and bubbles from regions 
not in focus by putting glass, air or other transparent material 
in these regions, thus permitting water and bubbles only inthe 
field of focus. This method is satisfactory for laboratory 
experiments, but not for use at sea. At sea,turbulance caused by 
the movement of camera, boat, and water would tend to generate 
and trap bubbles within the field of focus of this system, sc this 
approach was abandoned. 

In the method finally used, the light from the flash sources 
was collimated to illuminate only a shallow plane at right 
angles to the camera lens axis at the focal position, The system 
is sketched in Figure IV-4, and a photograph showing the improve-= 
ment resulting from its use in an early trial appears in Figure 
IV-2(b). The principal drawback to this procedure is the reduct- 
ion in the intensity of illumination because of the collimator, 
After several adjustments, this technique provided satisfactory 
pictures. 

bee Padma 

‘ Initial attempts at bubble photographs were made using 

polaroid film of various types. Unfortunately, with the possible 
exception of the very expensive Type 53 film, it was learned that 
Polaroid films all contain pinholes to a greater or lesser degree, 


These pinholes are roughly the size of the images of bubbles 
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Figure IV-3. Example of a Photographic System using Back Lighting. 
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Figure IV-4. System of illumination using collimated light. In the 
actual installation two collimators were used which il- 
luminated a field of focus 3 cm deep. | | 





commonly found in water and indistinguishable from them on the film. 
Kedak Royal Pan and Tri-X films were subsequentiy used with good 
results, Both proved sufficiently fine prained to allow consider= 
able magnification of the negative. In the final installation 
Kodak Tri-X and the very high speed, coarse grain Royal-X films 


were used, 
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C, Final Camera Installétion,. 

1. General, 

From the information contained in available literature about 
microbubble persistence, it was decided to attempt phctography of 
bubbles down to a radius, a, of 10 microns. Geometric optics 
still apply at this size since for the longest wavelength (red) 
light) Ka=10 [16 |. 

Because of the limited depth of freid, the volume of water to 
be photographed in each picture was very smail; therefore, a 
negative size as large as practicable was desirable. Pictures 
were to be taken to a depth of 50 feet, so automatic control of 
camera functions was alsc essential. 

An automatic 7Omm serial cameras was obtained and modified to 
provide magnificatior and synchronization with the electronic flash. 
The focal plane shutter wes removed and a solenoid-actuated, 
petween-the-lens shutter was installed, The final installation is 
shown in Figure IV-—5., 

goy LLenting. 

Two collimated electronic flash units were constructed and 
adjusted to illuminate a 4cm depth of field, The completed units 
are shown in the accompanying photographs (Figure IV-5), and 
the electromic circuit diagram is shown in Figure IV-6, 

po UNGlosure. 

fn aluminum camera enclosure was constructed as shown in 
Figure IV-5, The enclosure was of a size adequate to permit 


attachment of a bellows to the camera in order to obtain varying 


fee: 








APR 1964 APR 1964 


Side View of Watertight Enclosure Rear Access Opening. Camera and Mount 
ére on the Bottom. The Wooden Box Con— 


tains the Electronic Circuits and Stor— 
age Capacitors. 





APR 1964 Veit bed 


Front View Showing the Cable Ac- Front View Closeunv. Note the Collimator 
cess, Two.Collimator Assemblies Moun- Slit in the Right Hand Assembly. 

ted at 120°, and Lens Port. 

Figure IV-5. Photographs of the Completed Camera Assembly 
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degrees of magnification between 1:1 and 4:1. The final enclosure 
was 16" in diameter, 36" long, and with the camera installed, weighed 
130 lbs in air, Because of its relatively light weight and large 
displecement, it was necessary to strap 150 lbs of lead to the out- 


side of the enclosure in order to make it sink in water, 





D. Results. 
1, Procedure 
2, Laboratory Checkout. 

(1) Equipment. 

The camera was first set up to take pictures which 
would give a magnification of 4:1, Although the total volume 
viewed at this maximum value of magnification was only 1 c.c. 
(Picture area = 1.96 cm* x 3 cm depth of field), this value was 
selected in order tc determine the minimum bubble size which could 
be photographed, 

The primary difficulty experienced with the equipment 
occured with the electronic flash tubes, These devices are 
evidently very sensitive to overlcad, This fact coupled with the 
heat generated by the tube in the small enciosure caused the burn= 
out of several tubes, Although rated at 200 watt-secends, it was 
found that the maximum energy actually possible was in the vicinity 
of 150 watt-seconds. 

(2) Photographic interpertation. 

Some surprising effects were discovered in the first 
bubble photographs taken with the completed camera system. It was 
found that the collimated flash beams, rather than illuminating 
the entire périphery of the bubbles as had been enticipated, 
reflected off of the bubbles exactly as parallel light would off 
of a reflecting spherical surface, i.e, two spot reflections, one 
from each flash on each side of the bubble, This fact is 
demonstrated in Figures IV-7 and IV-8 However, in these photo- 


graphs the outlines of both the bali and the bubbles are visible 





Figure IV-7. Photograph of Bubbles Suspended on the Edge of a Rumer. 
Markings are 1 mm Apart. 


1mm 


Figure IV-8. Photograph of a 490 micron Steel Ball, and Glass Beads Suspended 
in Water 
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because the material on which the ball and the bubbles are suspended 
broke up the collimated beam, causing the entire periphery of the 
objects to be illuminated as well as the predominant spots, 

Figure IV~9 is a picture of bubbles (generated by electrolysis 
and allowed to rise through the field of focus) taken without any 
objects nearby which would tend to make the flash diffuse, The radius 
of these bubbles can be determined by measuring the distance between 
PaewsDOu Felleer1 ons. v 

Figure IV~9(a) shows the geometry of these spot reflections and 
the method by which the bubble radius may be calculated, i.e, radins = 
0,81 x distance between the center of the two reflections, 

In this figure the collimated light from the electronic flash is shown 
incident in a plane perpendicular to the x axis at an angle of 30° 
from the horizontal, That incident light which is reflected through 
90° and parallel to the x axis enters tne camera. The incident ray, 
the normal to the sphere at the point of contact, and the reflected 
ray parallel the x axis all lie in the same plane with the angular 
relationships as shown, 

The "spots" have a finite width as seen in Figures IV=7,8, 
and 9, and their size js dependent on both bubble size and the sharp= 
ness of focus. This size variation makes measurements using the edges 
or extremities of the "dots" variable, therefore, consistant readings 
can only be obtained by measuring the distance from the estimated 
center of one dot to the center of the other, A micrometer slide 
was used to obtain realjings of the distance between the dots directly 
from the negatives, The instrument has graduations in 10 micron 


intervals, and lengths may be estimated to approximately one micron, 
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f. check on the accuracy of the technicue was made by 
photographing a steel ball and several glass beads suspended in 
water. The diameters of these spheres were then computed from 
measurenents taken on the photographic negatives, and compared with 
those obtained by measuring the spheres with a micrometer calipers. 
Because the center of the "dots" must be estimated, successive 
measurements from the photograph of any single sphere varied 
slightly; therefore, several measurements were made on each sphere 
end then averaged, 

A diameter of 992 microns for the steel ball was 
obtained by averaging measurements from the photograph of Figure 
IV-&, This value is within 1.3 per cent of the diameter of 980 
microns obtained using the micrometer, No single photographic 
measurement exceeded the value of 980 microns by more than 3 
per cent, Similar comparisons between photographic and micrometer 
measurements were made on glass beads down to a radius of 
approximately 100 microns, and all such comparisons were within 
5 per cent of one~another, 

With the camera adjusted to give 4:1 magnification 
and using Tri-X film, the distance between "dots" was measurable 
on bubbles with a radius as small as 20 microns. The lower limit 
is reached because of the tendancy of the "dots" to merge on 
bubbles of small radius. 

b. Dockside Checkout. 


After the laboratory adjustments had been satisfactorily 


concluded, several sequences of pictures were taken at dockside, 





Water conditions in general were very clear, and in the early 
pictures the sunlight caused considerable darkening of the negatives. 
Although these negatives were still transparent, much of the contrast 
was lost. Failure to recognize this factor caused us to reduce the 
degree of magnification in order to increase the volume of water 
photographed. In view of the great concentration of objects later 
observed on high-contrest negatives taken under similar circumstances 
(but with a shield to exclude sunlight), this action was possibly 
too hasty and should be reevalueted if high particle concentration 
are found to be general. 

A final series of photographs were taken in the 
Monterey Marina over the side of the Postgraduate School Ocean= 
ographic boat. Both Tri-X and Royal-X films were used with an 
aperture sctting of f& Pictures were taken at the surface and 
10 feet; the water was flat, calm and very clear. The photographs 
shown in Figures IV~10 and IV-1l were obtained, although some 
darkening of the negative was again experienced because of the sun= 
light despite the light shield. The most interesting pictures 
appeared on the Royal-X film. Evidently insufficient flash light 
was available to register the smaller images on the slower speed 
Tri-X; however, larger objects did register on this film. 

The pictures obtained on this run were then projected to 
give an overall magnification of 100:1, The size of the objects which 
appeared as dark images on the negatives were measured directly from 
the screen. Unfortunately, there was no positive way of determin- 


ing whether or not the objects below a size of 50-60 micron radius 





4 


Figure IV-10. Photograph of Surface Water, Monterey Marina. 


| aenetmemenemm | 
1mm 


Figure IV-11. Photograph of Water at Depth 10 Feet, Monterey Marina. 
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were bubbles. The graphs of the distribution of particle size shown 
in Figure IV-12, therefore, are for interest only, and no conclusions 
should be dravm from them, 

Because of time limitations and the extreme difficulty in 
obtaining the services of riggers and a crane, no further pictures 
were attempted at sea, 

2. Summary. 

The bubble photography system developed is capable of providing 
measurable photographs of bubbles with a radius as small as 20 
microns, when Tri-X film and a 4:1 magnification are used. With 
the same magnification, measurement of bubble size from the photo- 
graphs can provide reédings within 3 per cent of the actual values 
for bubbles of approximately 500 micron radius, and within 5 per 
cent for bubbles down to a radius of approximately lOO microns. 

The system is suitable for use in calibrating and checking acoustic 
methods of measurement. 

Pictures teken in the Monterey Marina have shown that bubbles 
down to a radius of 50-60 microns exist in sea water, and in 
considerable numbers close in shore, 

These early trials have shown that the performance of the 
photographic system has been hampered by insufficient light from 
the electronic flash system, The experience gained during these 
trials however, has shown ways in which the lighting may be 
improved, and these suggestions are contained in paragraph 3. 
which follows. 

3, Recormendations. 


The primary purpose of the recommendations is to increase the 
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intensity of the collimated electronic flash received by the camera 
after reflection off bubbles. With the relatively large lens open- 
ing necessary (f£5.6) when using the slower speed Tri-X film, some 
scattering of the light from objects slightly out of focus still 
occurs. Increased light intensity will permit a smaller aperture, 
increase the depth of field, and thus permit use of the finer grain, 
Tri-X film. Suggested methods of increasing the flash intensity 
follow: 

&. ‘Some improvement may be easily obtained by moving 
the collimators closer to the camera lens axis, and by moving the 
lens port of the enclosure closer to the plane illuminated by the 
collimated beam, thus decreasing the distance the light must travel 
through the water, In average coastal water conditions, these 
modifications should provide roughly a 20 per cent increase in light 
intensity, 

b. The intensity of the electronic flash may be improved 
by experimenting with different capacitor combinations and operating 
voltages until the maximum safe operating values are determined. 

A shortage, since alleviated, of electronic flash tubes precluded 
complete triels when the flash units were initially tested. 

c. Should the above techniques fail to provide the 
necessary increase in illumination, the only alternative is to 
construct an electronic flash unit capable of greater output, despite 
the increase in complexity such a unit will entail. A relatively 
Simple way of increasing the power output could be accomplished 


by construction of a 1000 volt system, and by connection of the 


~O 
NO 





capacitors presently in use in series to withstand the increased 
voltage. An AMGLO HD=-3 or similar flash tube could be used in 
such a system and mounted in the present collimator assemblies 


without mofidication, 
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